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Abstract 
 
Glass-ceramics are widely utilized in the electronics industry to provide electrical insulation 
and to form leak tight joints with a range of metals. The coefficient of thermal expansion 
(CTE) of the glass-ceramic can be controlled by the extent of crystallization to reduce 
detrimental tensile stresses in the joint. In recent years there has been interest in using 
titanium alloys, in place of stainless steels, due to their lower density and superior specific 
strength. In this study, the heat treatment of a strontium boroaluminate glass has been tailored 
to create glass-ceramics with mean CTEs ranging from 5.7 ± 0.1 × 10
-6 
K
-1 
to 9.7 ± 0.1 × 10
-
6
 K
-1 
over the temperature range 303 K to 693 K. The resultant glass-ceramic consists of three 
crystalline phases and residual glass. A glass-ceramic with a mean CTE of 6.9 ± 0.1 × 10
-6
 K
-1
 
was subsequently fabricated to form a compression seal with a Ti-6Al-4V housing and a pre-
oxidized Kovar pin. Single pin assemblies were shown to be reproducible in terms of 
microstructure and all passed a standard helium leak test, indicating that a successful seal had 
been produced. 
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1 Introduction 
 
1.1 Background 
 
Glasses can be bonded to metals to form hermetic seals for use in a variety of applications. 
These include electrical feed-through connectors, solid-oxide fuel cells and biomedical 
implants [e.g. 1 - 3]. Electrical feed-through connectors are of particular interest; these consist 
of electrically conducting metal pins enclosed within an insulating glass and a metal housing. 
The function of the glass is to provide electrical isolation for the pins, from other pins and the 
housing, and to protect the internal electronics from the external environment. A schematic 
diagram of a single pin glass-to-metal seal is shown in Fig. 1. 
 
Silicate based glasses are commonly used in conjunction with a stainless steel housing and 
pins [e.g. 3]. For example, the lithium zinc silicate system has been widely reported as a glass 
exhibiting good sealing compatibility with stainless steels [e.g. 4, 5]. 
 
There has been some work to investigate the replacement of stainless steel with Ti-6Al-4V 
where the higher strength-to-weight ratio is particularly advantageous, see for example [6]. 
Brow et al. [6] reported that commercially available silicate glasses can be bonded to pure 
titanium to produce hermetic seals; the same study also reported that boroaluminate glasses 
can produce hermetic seals with titanium that were 80 % stronger than with silicate glasses. 
The difference in strength was attributed to the formation of interfacial reaction products. 
Titanium is reported to react with silica and boria based glasses [6]. However, only the 
relatively brittle titanium silicide phase was observed in practice. The improved strength was 
linked to the absence of a brittle layer between the titanium and boroaluminate glass. 
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As well as the nature of any chemical bonding, the mechanical integrity of a glass-to-metal 
seal is dependent on the stress-state at the interface(s). Glass-to-metal seals are usually 
categorized as either matched or compressive. In a matched seal the coefficient of thermal 
expansion (CTE) of each material is similar. However in a compression seal, the CTE of the 
glass is higher than the pin but lower than the housing (Fig. 1). Compression seals are 
typically stronger than matched seals as chemical bonding is accompanied by radial 
mechanical compression. 
 
The preparation of borate based glass-ceramics, especially for bonding to titanium and its 
alloys, has not been widely reported. Controlled devitrification of borate based glasses is 
notoriously difficult as crystallization proceeds from the surface [7 - 9] often forming coarse 
grained glass-ceramics [10]. McMillan and Partridge [11] and Ghosh et al. [12] reported that 
a family of borate based glasses that formed glass-ceramics with CTEs between 3.5 – 
7.3 × 10
-6
 K
-1
 and 9.04 – 12.13 × 10-6 K-1 respectively. A knowledge gap has resulted from the 
shortage of research into borate based glasses and glass-ceramics for sealing to titanium and 
its alloys. 
 
The aim of this study is to produce a suitable glass-ceramic that forms a hermetic seal with a 
Ti-6Al-4V housing and an appropriate pin. Glass-ceramics are preferred to a glass as the 
ordered crystalline structure typically improves the toughness, strength and refractory 
performance [13]. The extent of crystallization will be controlled though a heat treatment to 
tailor the CTE of the glass-ceramic to form a compression seal. 
 
1.2 Materials Selection 
 
Glass-ceramic-to-metal seals were made from a Ti-6Al-4V housing, a strontium 
boroaluminate glass and a Kovar pin. 
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A Ti-6Al-4V housing was selected primarily due to the low density of 4.43 g cm
-3 
[14], and 
hence the weight saving potential. Additionally, the CTE of Ti-6Al-4V is 9.4 × 10
-6
 K
-1
 
between 298 K and 723 K
 
[14]. Ti-6Al-4V also passes through the β-transus at 1273 ± 20 K 
which initiates a volume change from the bcc β-phase to the hcp α-phase [14]. 
 
Kovar, an iron-nickel-cobalt alloy, was selected as the pin material due to its low CTE of 5.2 
× 10
-6
 K
-1
 between 298 K and 723 K [15]. Kovar undergoes magnetostriction at the Curie 
temperature (~ 723 K) which results in an inflection in the CTE [16, 17]. Additionally the 
surface of Kovar can be modified through oxidation to form a chemically soluble layer to 
enhance the chemical bonding [18]. 
 
A strontium boroaluminate (SRBAL-1) was used for the electrically insulating glass [19], see 
Table 1. SRBAL-1 was selected based on wettability, CTE, glass transition and crystallization 
temperature. 
 
2 Sample Preparation 
 
2.1 Seal Assembly 
 
Powdered reagents (see Table 2) were melted in a furnace (Carbolite BLF 1700) at 1673 K 
and quenched in distilled water. The glass was dried at 383 K for 15 hours, crushed and 
passed through a 2.36 mm sieve. The glass was remelted and water quenched to homogenize 
the mixture. 
 
Sintered glass preforms were made from the water quenched glass frit by Mansol (Preforms) 
Ltd (UK). It is understood that the glass frit was crushed, sieved, spray dried, pressed into a 
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green body and then lightly sintered; although the exact details remain proprietary 
information to the preform manufacturer. Glass preforms were supplied in hollow cylinders 
with an outer diameter, inner diameter and height of 9.90 ± 0.05 mm, 2.10 ± 0.05 mm and 
7.0 ± 0.1 mm, respectively. The chemical properties of the preforms were checked on receipt 
(see sub-sections 4.1 and 4.3). 
 
Single pin seals were made from a Ti-6Al-4V housing, a sintered glass preform and a Kovar 
pin, see Fig. 2. Ti-6Al-4V cylinders had an outer diameter, inner diameter and height of 
20.00 ± 0.05 mm, 10.00 ± 0.05 mm and 10.00 ± 0.05 mm respectively. Kovar wire had a 
diameter and length of 2.05 ± 0.05 mm and 15 ± 1 mm respectively. The metal housing and 
pin were subsequently degreased via sequential submersion in dichloromethane, a detergent, 
distilled water and isopropyl alcohol [20]. The Kovar pin was pre-oxidized at 973 K for 
10 minutes in air to form an adherent and partially soluble oxide layer [18]. The oxide that 
formed on the Kovar pin is reported to consist of predominantly Fe2O3 [21, 22]. Seals were 
assembled with a mild steel weight (~ 10 g) placed on top of the glass preform, separated by a 
graphite spacer, to assist the flow of glass during heat treatment. The assembled seals were 
heat treated in an argon atmosphere furnace (Camco G-1600). 
 
2.2 Heat Treatment 
  
The classic heating profile to form a glass-ceramic-to-metal seal consists of three isothermal 
holds to seal, nucleate crystallites and grow crystallites [23]. This three-stage heating profile 
is designed for glasses that predominantly crystallize via bulk crystallization [24]. However, 
preliminary studies on a cast bar of SRBAL-1 glass showed evidence of surface 
crystallization, see Fig. 3. Therefore the surface crystallizing glass is subjected to a single 
isothermal heating step which achieves simultaneous nucleation and growth [25, 26]. 
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In this study, glass-ceramics were made using a heat treatment that included a single 
isothermal hold under an argon environment, see Fig. 4. The isothermal hold temperature 
must be greater than the glass transition temperature of SRBAL-1 (843 K [19]) but lower than 
the β-transus of Ti-6Al-4V (1273 ± 20 K [14]). The temperature and time of the isothermal 
hold were varied to assess the change in CTE of the resultant glass-ceramic. The isothermal 
hold condition selected for seal manufacture was 1073 K for 20 minutes, see sub-section 4.2. 
 
Rectangular glass-ceramic bars were crystallized from sintered glass preforms with a particle 
size between 700 – 1000 µm. The glass was packed into a graphite mold with dimensions of 
approximately 50 mm × 8 mm × 8 mm. The glass was subjected to the heat treatment in Fig. 
4; specific details of the isothermal hold temperature and time are presented in the captions of 
Fig.7, Fig. 8 and Fig. 9. The glass-ceramic bars were ground to dimensions of 
40 mm × 5 mm × 4 mm (± 1 mm) to a 600-grit surface finish with silicon carbide paper. 
 
3 Experimental 
 
Characterization of the glass preforms, glass-ceramic bars and the assembled seals was 
separated into three sections: chemical properties, thermal properties and microstructure. 
 
Chemical properties of the glass preform and glass-ceramic were measured using a Netzsch 
404s differential thermal analyzer. Differential thermal analysis (DTA) reveals the glass 
transition (Tg) and crystallization (Tx) temperatures of glass, as well as the melting (Tm) 
temperature of crystalline phases. Granulated glass preforms with a mass of 50 ± 1 mg were 
heated in air at a rate of 5 K min
-1
. The specific particle size fractions studied are stated in the 
appropriate figure captions of Fig. 5 and Fig. 6. Five samples were analyzed for each particle 
size fraction to attain an average Tg, Tx and Tm.  
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The linear CTE was measured with a Netzsch 402ES push-rod dilatometer. Glass-ceramic 
bars were heated in air at a rate of 2 K min
-1
. The heating profile of the dilatometer consisted 
of ramping from 303 K to 723 K and cooling to 303 K. The heating profile was repeated three 
times. The linear CTE (αL) was subsequently calculated over a defined temperature range 
(ΔT) using the original length (L0) and change in length (ΔL) of the dilatometer bar (Equation 
1) [27]. 
 
T
L
L
L



0
1
     Equation 1 
 
The microstructure of the glass-ceramic-to-metal seals were analyzed with a JEOL JSM-
7100F scanning electron microscope (SEM) and a Thermo Scientific Ultra Dry energy 
dispersive X-ray (EDX) detector. EDX point analyses were collected for 1 minute with an 
accelerating voltage of 5 – 10 keV and a probe current of 0.7 – 1 nA. The reported EDX point 
analyses were averages of 10 individual measurements on five samples. Porosity was 
measured via systematic point counting of 20 micrographs from 5 individual samples [28]. 
 
Diffractograms were recorded using a Bruker D2 Phaser powder X-ray diffractometer (XRD). 
A powdered sample, 45 – 100 µm, was analyzed over a range of 0 – 90 ° with a 
monochromated Cu Kα (λ = 1.5418 Å) X-ray source. The step size and dwell time were 0.02 ° 
and 200 ms respectively. The crystalline peaks were assigned to phases, with the support of 
Bruker‟s EVA software and reference to the powder diffraction file (PDF) database [29 - 31]. 
 
Hermeticity of the glass-ceramic-to-metal seal was recorded using a Leybold Inficon UL 
L200 helium leak detector. The leak rate was measured in accordance with MIL-STD-883 
[32]. Hermeticity is defined by a helium leak rate of less than 1 × 10
-8
 mbar l s
-1 
as all 
successful joints qualify for use in ultra-high vacuum seals [33]. 
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4 Results and Discussion 
 
4.1 Differential Thermal Analysis 
 
The six DTA thermograms of SRBAL-1 glass shown in Fig. 5 highlight a shift and 
broadening in the exothermic crystallization peak with particle size, which is typical of 
surface crystallization. The fine size fraction has a well-defined exothermic crystallization 
peak due to the high surface area to volume ratio. 
 
The DTA thermogram shows that the preform has well-defined Tg, Tx1 and Tx2, as well as the 
Tm of the crystalline fraction (Fig. 6). The glass preform has a Tg of 850 ± 1 K. The glass 
must be heated to a higher temperature than Tg to ensure that the glass softens and wets the 
metals [34, 35]. The exothermic crystallization peak of the glass preform has separated into 
two peaks suggesting two crystalline phases are present. The two exothermic peaks are 
presumably due to a combination of bulk and surface crystallization occurring in a glass 
preform with a significantly larger particle size. Previously published literature suggests Tx1 
corresponds to strontium metaborate (SrB2O4) and Tx2 corresponds to strontium dialuminum 
diborate (SrAl2B2O7) [36, 37]. The isothermal hold temperature of the sintered glass preform 
needs to be greater than Tx1 (1037 ± 1 K) to form a glass-ceramic. 
 
Attempts were made to confirm the origin of Tx1 and Tx2 in Fig.6. Glass preforms were heat 
treated with isothermal hold temperatures between 1023 K and 1123 K to encompass the two 
exothermic peaks. Powder XRD was undertaken on the glass-ceramics to separate the two 
crystalline phases as a function of temperature (Fig. 7). The crystalline peaks of SrB2O4 and 
SrAl2B2O7 are both present in the XRD diffractograms following a heat treatment at 1048 K 
so it was not possible to identify which phase precipitated first. Rietveld refinement could not 
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establish a significant difference in the crystalline fractions of SrB2O4 and SrAl2B2O7 as a 
function of processing temperature. 
4.2 Push-Rod Dilatometry 
 
The CTE of a range of glass-ceramics were measured as a function of isothermal heating time 
and temperature. The parent glass has a CTE of 9.9 ± 0.1 × 10
-6
 K
-1
. 
 
The CTE was measured for the glass-ceramic samples manufactured with a heating profile 
that varied as a function of isothermal hold temperature (Fig. 4). The CTE of the glass-
ceramic decreased from 9.7 ± 0.1 × 10
-6
 K
-1
 to 5.7 ± 0.1 × 10
-6
 K
-1
 over the temperature range 
of 973 K to 1173 K, see Table 3. The significant decrease in CTE was consistent with the first 
exothermic crystallization peak at 1037 ± 1 K (Fig. 6). A CTE of 6.9 ± 0.1 × 10
-6
 K
-1
 was 
attained when the glass-ceramic was synthesized from an isothermal hold at 1073 K for 
20 minutes (Fig. 4). A glass-ceramic with a CTE of 6.9 ± 0.1 × 10
-6
 K
-1
 has the potential to 
form a compression seal with Kovar and Ti-6Al-4V. 
 
The CTE of the glass-ceramic was measured as a function of the isothermal hold time, whilst 
the temperature remained constant at 1073 K (Fig. 8). The CTE declines from 9.7 ± 0.1 × 10
-
6 
K
-1
 and plateaus at 5.7 ± 0.1 × 10
-6
 K
-1
 after a dwell time of 120 minutes. 
 
The CTE of SRBAL-1 glass-ceramic can therefore be tailored to be between 5.7 ± 0.1 × 10
-
6
 K
-1 
and 9.7 ± 0.1 × 10
-6
 K
-1
. A heat treatment that includes a dwell time of 20 minutes at 
1073 K (see Fig. 4) forms a glass-ceramic with a CTE of 6.9 ± 0.1 × 10
-6
 K
-1
. This glass-
ceramic is suitable to form a compression seal with a Ti-6Al-4V housing and a Kovar pin 
(Fig. 9). 
 
4.3 Microstructure 
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Sub-section 4.3 discusses SRBAL-1 glass-ceramic fabricated with the heating treatment in 
Fig. 4. XRD data show the glass preform crystallizes to form a glass-ceramic, see Fig. 10. The 
X-ray diffractogram of the glass preform displays the characteristic „amorphous hump‟ 
whereas the glass-ceramic has crystalline peaks on top of an amorphous background. The 
crystalline peaks correspond to SrB2O4 and two polymorphs of SrAl2B2O7 [29 - 31]. The 
theoretical compositions of each phase are in agreement with EDX spot analysis (Table 4). 
 
The glass-ceramic is predominantly crystalline but the crystallites are separated by a residual 
glass, as shown in Fig. 11. The glass-ceramic has 8 – 10 vol % of spherically shaped pores 
which is attributed to pre-existing gases being trapped within the glass preforms. EDX maps 
of strontium, aluminum and oxygen show the presence of three phases in the glass-ceramic 
(Fig. 11): acicular SrAl2B2O7 crystallites enriched in aluminum and depleted in strontium, 
lenticular SrB2O4 crystallites enriched in strontium and depleted in aluminum, and the 
residual glass containing strontium, aluminum and oxygen. 
 
EDX analysis confirms iron is present in the residual glass phase of the glass-ceramic which 
shows diffusion is present between the pre-oxidized Kovar pin and glass-ceramic (Fig. 12). 
Additionally, EDX confirms strontium and aluminum diffuse into the surface oxide of the 
Kovar pin (Fig. 12). Diffusion of lone elements at the Kovar / glass-ceramic interface 
increases the likelihood of a chemical bond forming. No reaction species have been directly 
identified. High surface roughness of the pre-oxidized pin may also result in additional 
adherence via mechanical interlocking. The joint is further strengthened via mechanical 
compression from differences in CTE. The surface oxide on the Kovar pin has been partially 
dissolved in the glass-ceramic, resulting in an interfacial phase (Fig. 13a). The presence of an 
interfacial layer may be a limitation to the strength of the seal [6]; however the seals are still 
successful as they consistently pass a helium leak test. 
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Evidence for chemical bonding between the Ti-6Al-4V housing and the glass-ceramic is 
limited. EDX does not show evidence of titanium, aluminum or vanadium diffusing from the 
housing into the glass-ceramic. Additionally, no EDX evidence is present for diffusion of 
strontium, boron, aluminum or oxygen from the glass-ceramic into the Ti-6Al-4V housing. 
However, confidence in the boron signal is low due to the small number of counts. Reaction 
species at the interface between the glass-ceramic and the Ti-6Al-4V potentially occurs on the 
nanometer scale. As a result, a higher resolution technique such as scanning transmission 
electron microscopy (STEM) is required to confirm the nature of the bond. 
 
Five batches of five glass-ceramic-to-metal seals were made using the heat treatment 
described in Fig. 4, to assess the reproducibility of the manufacturing process. All of the seals 
were hermetic i.e. exhibited a helium leak rate of less than 1 × 10
-8
 mbar l s
-1
. The interfaces 
between the glass-ceramic and the Kovar pin (Fig. 13a) and Ti-6Al-4V housing (Fig. 13b) are 
well defined. 
 
5 Conclusion 
 
A strontium boroaluminate glass-ceramic, fabricated from a heating profile incorporating an 
isothermal hold at 1073 K for 20 minutes, consists of three crystalline phases separated by a 
residual glass. The crystalline phases were SrB2O4 and two polymorphs of SrAl2B2O7. The 
glass-ceramic additionally has 8 – 10 vol% spherical porosity. 
 
The mean coefficient of thermal expansion of the strontium boroaluminate glass-ceramic has 
been tailored between 5.6 ± 0.1 × 10
-6
 K
-1
 and 9.7 ± 0.1 × 10
-6
 K
-1
 over a temperature range of 
303 K to 693 K. This range of CTE enables the creation of a compression seal when the glass-
ceramic is combined with a Ti-6Al-4V housing and a pre-oxidized Kovar pin. 
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A glass-ceramic with a coefficient of thermal expansion of 6.9 ± 0.1 × 10
-6
 K
-1
 was attained 
from a heat treatment that encompasses an isothermal hold at 1073 K for 20 minutes. This 
glass-ceramic was used to fabricate compression seals between a Ti-6Al-4V housing and a 
pre-oxidized Kovar pin. The seals were reproducible in terms of microstructure and 
consistently recorded a helium leak rate of less than 1 × 10
-8
 mbar l s
-1
, showing that hermetic 
seals were successfully produced. 
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List of Table Captions 
 
Table 1: Composition of SRBAL-1 glass [19]. 
 
Table 2: Powdered reagents used to manufacture SRBAL-1 glass. 
 
Table 3: CTE of SRBAL-1 glass and glass-ceramic as a function of isothermal hold 
temperature. 
 
Table 4: Composition of each phase within SRBAL-1 glass-ceramic measured by EDX and 
calculated theoretically from the chemical formula. 
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Table 1: Composition of SRBAL-1 glass [19]. 
Compound Composition (mol %) 
SrO 45 
B2O3 40 
Al2O3 15 
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Table 2: Powdered reagents used to manufacture SRBAL-1 glass. 
Reagent Supplier Purity (%) wt% 
Strontium carbonate (SrCO3) Sigma Aldrich, USA ≥ 99.9 60.63 
Boron oxide (B2O3) Acros Organics, USA ≥ 98.0 25.41 
Aluminum oxide (Al2O3) Sigma Aldrich, USA ≥ 99.8 13.96 
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Table 3: CTE of SRBAL-1 glass and glass-ceramic as a function of isothermal hold 
temperature. 
Isothermal hold 
for 20 min 
CTE (± 0.1 × 10
-6
 K
-1
) 
between 303 K and 693 K 
Glass Preform 9.9 
973 K 9.7 
1023 K 9.6 
1073 K 6.9 
1123 K 5.8 
1173 K 5.7 
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Table 4: Composition of each phase within SRBAL-1 glass-ceramic measured by EDX and 
calculated theoretically from the chemical formula. 
Material Origin of Result 
Composition (wt %) 
Sr O B Al 
SrB2O4 
EDX 46.7 ± 0.2 36.7 ± 0.2 16.6 ± 0.2 - 
Theoretical 50.6 36.9 12.5 - 
SrAl2B2O7 
EDX 32.2 ± 0.6 38.3 ± 0.6 10.9 ± 0.4 18.6 ± 0.5 
Theoretical 31.9 40.8 7.9 19.4 
Residual glass 
EDX 43.4 ± 0.7 35.8 ± 0.6 12.6 ± 0.5 8.2 ± 0.2 
Theoretical - - - - 
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List of Figure Captions 
 
Fig. 1: Schematic diagram of a single pin electrical feed-through connector. 
 
Fig. 2: Design assembly of glass-ceramic-to-metal seals. 
 
Fig. 3: Backscattered electron micrograph showing surface crystallization in a cast bar of 
SRBAL-1 glass. (a) bulk glass, (b) surface crystallization and (c) mounting media.   
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Fig. 4: Heat treatment of the glass-ceramic-to-metal seal and glass-ceramic bars. The 
isothermal hold time is 20 minutes at 1073 K. 
 
Fig. 5: DTA thermogram of SRBAL-1 glass highlighting the shift and broadening of the 
crystallization exotherm with an increasing particle size: (a) 700 – 1000 µm, (b) 200 – 
250 µm, (c) 160 – 200 µm, (d) 100 – 160 µm, (e) 45 – 100 µm and (f) < 45 µm. 
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Fig. 6: Typical DTA thermogram of a SRBAL-1 glass preform. The preform has dimensions of 
~ 2 mm
3
. 
 
Fig. 7: Powder XRD diffractograms of SRBAL-1 glass-ceramic manufactured as a function of 
temperature. Glass-ceramic bars were heat treated using Fig. 4 and isothermal hold 
temperatures of (a) 1023 K, (b) 1048 K, (c) 1073 K and (d) 1123 K for 20 minutes. The 
strontium metaborate (●) and strontium dialuminum diborate (♦/■) phases are labelled. 
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Fig. 8: Change in CTE of SRBAL-1 glass-ceramic as a function of isothermal hold time (t). 
The glass-ceramic bars were subjected to the heat treatment outlined in Fig. 4. The CTE is 
calculated between 303 K and 693 K. 
 
Fig. 9: Expansion curves of the constituent materials of a glass-ceramic-to-metal seal: (a) Ti-
6Al-4V, (b) SRBAL-1 glass-ceramic and (c) Kovar. SRBAL-1 glass-ceramic was 
manufactured using the heat treatment in Fig. 4. 
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Fig. 10: Powder XRD diffractogram of SRBAL-1 glass preform and glass-ceramic. The 
strontium metaborate and strontium dialuminum diborate crystalline phases are labeled. 
 
Fig. 11: Secondary electron micrograph and EDX map scans of the compositionally 
distinctive phases within the glass-ceramic: (a) SrB2O4, (b) SrAl2B2O7 and (c) residual glass. 
EDX map scans display net counts of strontium, aluminum and oxygen. 
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Fig. 12: Secondary electron micrograph and EDX map scans of the interface between (a) the 
glass-ceramic, (b) the pre-oxidized Kovar pin and (c) the bulk Kovar. EDX map scans display 
net counts of strontium, aluminum, oxygen, iron, nickel and cobalt. 
 
Fig. 13: Secondary electron micrographs of the interfaces between the glass-ceramic and (a) 
the pre-oxidized Kovar pin and (b) the Ti-6Al-4V housing.  
 
